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We have built a broad base of academic 
collaborators 

§  Lawrence Livermore Laboratory 
•  J.H. Eggert , D. Braun, J.R. Patterson, R.F. Smith, J.R. Rygg, J.A. Hawreliak, A. Lazicki, D. 

Fratanduono, M. Beckwith^^, F. Coppari^^, R. Kraus^^, D. Hicks, Y. Ping, A. Fernandez, M. 
Millot^^, D. Swift, P. Celliers, D.H. Kalantar, T Perry, T. Arsenlis, G. Collins 

§  Los Alamos Laboratory 
•  C. Bolme 

§  University of California, Berkeley 
•  R. Jeanloz, R.S. MacWilliams^*, D.K. Spaulding^** 

§  Princeton University 
•  T. Duffy, J. Wang^, June Wicks^ 

§  University of Rochester 
•  T. Boehly, B. Yaakobi 

§  Stanford University 
•  A. Gleason^^, W. Mao 

§  Commissariat a l'Energie Atomique, France 
•  P. Loubeyre, S. Brygoo 

§  University of Oxford, UK 
•  J. Wark, A. Higginbotham, M. Suggit, G. Mogni^ 

§  National Research Council of Canada 
•  D. Klug, Y. Yao 

§  University of Edinburgh, Scotland 
•  M. McMahon, E. McBride^, R. Briggs^^ 

§  Additional Collaborators / Consultants 
•  Andrew Comley, Brian Maddox, Hye-Sook Park, and Bruce Remington 

§  Plus farget fabrication, Omega and NIF facility and diagnostic teams. 

^Student 
^^Post-Doc 
 
*Currently, University of Edinburgh 
**Currently, Harvard University 
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Rocky Silicate  Mantle 

Iron/Nickel 
Core 

Matter at High Energy Density (HED) is found 
throughout our universe 

C. J. Hamilton 

Metallic H+ 
(and He, He+ 

or He++) 

Insulating H2 
and He 

Core 
Material 



Lawrence Livermore National Laboratory LLNL-PRES-xxxxxx 
4 1 Mbar = 100 GPa = 0.1 TPa 

Melt curves typically followed a Lindeman law 
and high pressure structures were simple  
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Just a few years ago, ultra-high pressure phase 
diagrams were considered to be very simple 



Lawrence Livermore National Laboratory LLNL-PRES-xxxxxx 
5 1 Mbar = 100 GPa = 0.1 TPa 

Above 200 GPa Sodium becomes a large band-
gap insulator!  -- Electride -- 

“.	  .	  .	  what	  the	  present	  results	  
most	  assuredly	  demonstrate	  is	  
the	  importance	  of	  pressure	  in	  
revealing	  the	  limita8ons	  of	  

previously	  hallowed	  models	  of	  
solids”	  	  

–Neil	  Ashcro-	  (Nature,	  2009). 

FCC, 65 GPa cI16, 108 GPa oP8, 119 GPa tI19, 147 GPa 
Incommensurate 

Increasing Structural Complexity 

hP4, 190 GPa 
Insulating, Transparent 

Electride 

Ma, et. al, Nature (2009) 

Traditional view that all materials become 
simple at high pressure is incorrect! 
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Canales, PRL, (2012) 
Hamel et al, 2014 
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HEDP field within the ab initio framework by introducing
electron-ion collisions induced friction [27], validated by
comparison with other results from experiments and path
integral Monte Carlo (PIMC) methods on light elements
[27,39,40]. It is thus possible to accurately explore the
details of the electron-ion structures in WDM and HDM.
In the present work, 54 atoms are included in the supercell
with 3! 3! 3 k points below 10 eV and only the ! point
at higher temperatures for the representation of the
Brillouin zone. A pseudopotential with 16 valence elec-
trons within the generalized-gradient approximation
(GGA) [42,43] is used. During the molecular dynamics
processes, the time steps are from 1 to 0.25 fs with increas-
ing temperatures, and a 2 ps time length is used to achieve
the thermal stability state. After the thermalization, a time
length of more than 2 ps is used to acquire the thermal
properties. About 300D-T points are calculated in order to
get the EOS data [43].

The EOS of the temperatures from 0.1 to 100 eV and
pressures up to 1 Gbar (1 Gbar ¼ 100 TPa) on both sides
of the Hugoniot curve are obtained. One of the most
spectacular physical results here is the electronic structures
in HDM, which are rarely known today. To dig out these
features, the electronic distributions at the highest pressure
(1.122 Gbar) with a D-T point of (48:23 g=cm3, 100 eV)
are displayed. The formation of blobs of valence electrons
between the ions of cold Fe with pressure of 158 Mbar
[33,43] is shown in Fig. 1(a), which has been identified in

cold compressed aluminum [24] and sodium [25].
Furthermore, the inner s, p electrons will assist the
bonding on Fe-Fe, as shown in the band structures in recent
high-density results [33]. This can also be shown in the
two-dimensional density distribution in Fig. 1(b), where
the green blobs are distributed between the Fe ions. How
does this feature change when the dynamical effects are
introduced? As shown in Fig. 1(c), the valence electron
‘‘blobs’’ tend to assemble together and form bigger bubbles
in the interspaces of the Fe ions. These freelike electrons
are distributed inhomogenously and behave as quantum
electron liquids flowing with ionic movement. It can be
observed in the two-dimensional picture in Fig. 1(d), where
some free electrons (green color) are distributed in the
interspaces of the ions. Interestingly, there are clearcut
density overlaps (see Fig. S10 in Supplemental Material
Ref. [43]) among some ions here induced by the inner
orbital electrons, indicating the existence of many-body
bonding formed by inner-shell electrons. To verify the
existence of bubbles, more than ten snapshots of the ionic
configurations are chosen randomly (see Fig. S11 in
Supplemental Material Ref. [43]), where the bubbles are
always there but with different shapes from the high-
accuracy self-consistent calculations (dense k points and
small convergence tolerances). Here, the bubbles are
formed by the interplay of the Fermi electron degeneracy,
the ionic coupling, and the temperature-induced dynamics,
which are different from the electron bubbles in helium at
low temperatures [44] (formed by excess electrons) and in
laser induced plasma [45] (formed by an electric field
gradient).
The electronic distributions also show the complexity of

the ionic structures, whose details and dynamics are still
elusive. Most importantly, the electronic structures are sen-
sitively dependent on the dynamics of the ions and their
collective behaviors. In order to understand the physics of
the dynamical structures, we select five D-T points as
shown in Fig. 2 along the new principal Hugoniot curve.
Their radial distribution function (RDF) shown in Fig. 2(a)
gives evidence of a transition in the ionic structures from
long-range to short-range order statistically. It is worth
noting that even at T ¼ 100 eV, there is one peak in the
RDF, indicating the existence of hidden ordered structures.
Considering the short-range ordered structures at high
temperatures, we borrow the language of liquid structures
such as water and clusters to reveal the structures in
HEDP, i.e., the orientation order parameter Q ¼
1# 3

8

P3
i¼1

P4
j¼iþ1ðcos!ij þ 1

3Þ2, where !ij is the angle

formed by the lines of an ion and its nearest neighbors i
and j (' 4). The value ofQ, varying from 0 (in an ideal gas)
to 1 (in a perfect tetrahedral network), can be used as a
measurement of tetrahedrality for the local coordination
structure [46,47]. As shown in Fig. 2(b), the peak of the
distribution of the parameterQ shifts from 0.45 to 0.35 with
increasing temperature, indicating that the ionic structures

FIG. 1 (color). The electronic charge density (electron= "A3)
distributions of iron. (a) and (b): Three- and two-dimensional
contour plot in the (010) direction for the charge density of iron
in fcc phase at (0 eV, 48:23 g=cm3) below 65% of its maximum
value, yellow balls represent the Fe ions; the pink or gray color
represents the electron blobs; (c) and (d): the same contour plot
of iron at (100 eV, 48:23 g=cm3).

PRL 109, 175701 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

26 OCTOBER 2012

175701-2
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Carbon!

Many materials are predicted to adopt complex 
structures in high pressure solid and fluid phases 
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We want to measure: 
Stress-Density 
Temperature 

Structure 
Solid-Solid Phase Transitions 
Solid-Liquid Phase Transitions 

Using laser-driven compression and the NIF we 
are study Extreme-Compression (ρ/ρ0>2) Science 
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We use a shaped laser pulse to control the 
time-dependent laser ablation drive pressure 

P !

x !

Steady Shock!

t1" t2"

P !

x !

Decaying Shock!
t1" t2" t3" t4"

Steady Shocks -> Impedance Matching 
Decaying Shocks -> Us vs R, T, Heat Capacity 
Ramp Compression -> Lower Temperature 

x !

P !
Ramp Compression!

t1" t2" t3" t4"
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Smith, et. al, Nature, accepted for publication. 
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EXAFS data collected in 50 ps 
snapshot 

Resolving x-ray absorption structure gives  
temperature along different compression paths 

Y. Ping, et al., PRL, 111, 
(2013).  
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FIG. 2: (a) EXAFS data at ambient conditions and FEFF bcc fit. (b) EXAFS data at P= 90 and 300 GPa, and corresponding
FEFF hcp fitting results.

Fe are fitted well with FEFF calculations of hcp lattice using IFEFFIT [14] including the third cumulant. The nearest

neighbor distance R1 and the correlated DWF σ2
1 for the first shell are obtained from the fitting in order to infer

density and temperature.

Because recently simulations suggested existence of bcc phase at the Earth inner core [17], we performed first-

principle quantum molecular dynamics (QMD) simulations to create bcc atomic configurations at relevant densities

and temperatures. The pair distribution function g(r) from the simulations indicates that the first two shells of bcc

lattice are merged into a broader peak, which resembles the first peak of g(r) in hcp lattice as shown in Fig. 3(a).

However, at the same density the R1 in bcc is about 3% shorter than R1 in hcp. As a result, the EXAFS of hot bcc is

shifted relative to that of hcp as shown in Fig. 3(b). Therefore, fitting the same data with hot bcc lattice will result

in ∼10% lower density compared to hcp fitting. Fig. 3(a) and (b) also include simulated g(r) and EXAFS of liquid

phase, which is obviously different from hcp and bcc, and our EXAFS data do not show characteristics of liquid.

Figure 3(c) plots the pressure as a function of compression. The density is determined using R1 from four types of

data fitting: FEFF hcp fit with or without the anharmonic corrections, and QMD hcp/bcc fit where anharmonicity

has been taken into account. The Fe Hugoniot data [15] and isentrope [16] are also shown for comparison. For multi-

shock compression, the density should be between the Hugoniot and the isentrope. It is clear that the anharmonic

correction is necessary to obtain the correct density for hcp phase. The QMD hcp fit is consistent with FEFF fit with

anharmonic hcp. The bcc fitting, however, gives too low density at the same pressure compared to the Hugoniot.

Therefore, our EXAFS data are inconsistent with the bcc phase. Other close-packed phases, such as fcc and dhcp,

display similar EXAFS signals [18], hence EXAFS measurements will not discriminate these phases.

Since the density is constrained by the known Hugoniot and the isentrope, the coordination number N can be
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We want to measure: 
Stress-Density 
Temperature 

Structure 
Solid-Solid Phase Transitions 
Solid-Liquid Phase Transitions 

Using the laser-driven compression and the NIF 
we will study Extreme Compression Science 
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Using LDRD funding, we developed in-situ x-ray 
diffraction at Janus and Omega 

Demonstrated at Omega, PXRDIP 
(Powder X-Ray Diffraction Image Plates) 
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In situ diffraction provides conclusive crystal structure. 
Demonstrated at Omega 

80 GPa, Ta 

Rygg, et al., RSI, 83, 113904 (2012)   

80 GPa, Ta 

De-warped image plate data 
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We have observed Shock-Melt – Refreeze for 
first time ever in Sn at Omega 

[May 28, 2014] 
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X-ray 
straight 
through 

We are fielding diffraction on NIF (13 shots so far) 
TARDIS (TARget Diffraction In Situ) diagnostic 

Three image plates collect 
the diffraction data 
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Last week we observed at least 9 diffraction lines 
from Pb at ~2.5 Mbar, and the (undriven) Ta pinhole 

N140605 
~260 GPa  
V/V0~4.5 

HCP 

BCC 

FCC 

Our observation of BCC phase 
suggests that we can study equilibrium 

solid phase diagrams on the NIF 



Our expanding reach in extreme-
compression physics 

 
 
 
 
 
 
 
 
 
 
We can ramp compress solids to 1-5 TPa and measure 
absolute stress-density EOS 
 
We see direct evidence for phase transitions, melt, and 
refreeze in materials 


